Alternative models of territoriality are based on contrasting assumptions about the behavioral processes determining territory size. In a series of controlled field experiments on the fire ant Solenopsis invicta, I tested whether territory size is affected by the availability of food, as predicted by most economic models, and whether territory size is affected by fighting ability, as predicted by models of competition among neighbors. Abundant food was offered for 30-35 days to selected colonies either immediately next to the nest (experiment 1) or at peripheral sites near the territory boundary (experiment 2). These food supplements had no detectable effect on territory size. Furthermore, food placed near the periphery of the territory did not significantly alter local boundary positions. During both experiments, large colonies lost more territory than did small colonies, reflecting temporary declines in worker number due to the seasonal production of reproductives. Such losses by large colonies during the summer months create opportunities for newly founded colonies to expand territories. In a third experiment, colonies from which workers were removed lost significantly more territory than did unmanipulated controls. These results show that territory areas in S. invicta are strongly affected by the relative fighting ability of neighboring colonies but provide no evidence that colonies adjust territory area in response to short-term changes in the availability of food.
V ariation in territory size has been modeled from a variety of perspectives, emphasizing different ecological variables and behavioral processes (Adams, 2001 ). Optimality models view territory size as the outcome of economic decisions based on the costs and benefits of foraging and defense (reviewed by Carpenter, 1987; Davies, 1980; Davies and Houston, 1984; Schoener, 1983) . These models have been tested by measuring time and energy budgets and by determining how territory size is adjusted when resource density changes. Models of optimal territory size are most appropriate when territories are noncontiguous because these models usually assume that attempts to expand territories are unopposed by neighbors (Hixon, 1980; Lima, 1984; Schoener, 1983) . Alternative models developed for more crowded populations view territory size as the outcome of competition between neighbors or between established residents and potential settlers (Adams, 2001 ). Several models of this kind assume that boundaries are formed where the ability of neighbors to apply pressure against one another reaches a balance (e.g., Adams, 1998; Maynard Smith, 1982) . Relative competitive ability is thus seen as a key determinant of territory size. These approaches are not mutually exclusive; for example, changes in energy budgets may alter the way neighbors fight with one another.
Corresponding to the diversity of theoretical assumptions, empirical studies show that the proximate factors controlling territory size vary across species. In some animals, territory area is negatively correlated with the availability of resources, and experimental manipulations of the food supply cause rapid adjustment of defensive behavior and territory size (e.g., Hart, 1985; Hixon, 1981; Hixon et al., 1983) . In contrast, food supplements in many other populations have no detectable effects on territory area (e.g., Brotherton and Manser, 1997; Franzblau and Collins, 1980; Nakamura, 1995; Riechert, 1981; Sherman and Eason, 1998 ; see review by Adams, 2001 ). When food supply has little effect, territory size may be controlled instead by competitive interactions among neighbors (e.g., Krebs, 1971; Norman and Jones, 1984) . In social species, territory area is often correlated with group size, a major determinant of competitive ability (e.g., Adams and Levings, 1987; Macdonald, 1983; Woolfenden and Fitzpatrick, 1984) , and experimental reduction of groups can cause subsequent loss of territory (e.g., Adams, 1990) . In solitary animals, territory area may be correlated with body size (e.g., Keeley, 2000) or asymmetries in body size between adjacent residents (e.g., Petrie, 1984) . It is currently difficult to predict the relative importance of these variables as causes of variation in territory size for a particular species.
In this study I investigated the determinants of territory size in a highly territorial ant. Colonies of the monogyne (single queen) form of the fire ant Solenopsis invicta actively defend exclusive foraging areas with distinct boundaries (Adams, 1998; Showler et al., 1990; Wilson et al., 1971) . To my knowledge, no previous study has investigated experimentally whether the availability of food influences territory size in any species of ant; however, some economic models of ant foraging postulate that the sizes of foraging areas or territories are adjusted to resource availability (e.g., Bernstein, 1982; Hölldobler and Lumsden, 1980) , particularly if predation risk is low (Ebersole, 1980) . Such adjustments are well within the capacity of a colony, as ants and other social insects show rapid behavioral and physiological responses to change in food availability (Hölldobler and Wilson, 1990; Seeley, 1995) .
Here I present a series of field experiments designed to test whether territory size in S. invicta is affected by the availability of food, by the colony's fighting ability, or both. Food supplements can potentially have two types of effects. First, they may alter the resident's time or energy budget and therefore the net value of territorial aggression. Second, they may cause shifts in the spatial allocation of foraging or defensive efforts into regions near the food supplements. Thus, if food is placed centrally, it may divert activity away from the territory boundaries, but if it is placed near or beyond the territory perimeter, it may stimulate local territory expansion. To distinguish among these possibilities, I altered food placement across two experiments. In the first, food was offered immediately next to the nests of focal colonies each day for 5 weeks. In the second, food was offered each day at a position just inside the territory boundary.
In a third experiment I tested whether territory size is affected by colony fighting ability, as determined by the size of the worker population. Effects of colony population on territory size in S. invicta are suggested by the positive correlation between territory area and the volume of the nest mound (Tschinkel et al., 1995) and by a model of fire ant territories in which boundary positions are controlled by the relative sizes of neighboring colonies (Adams, 1998) . Although this model accounted for much of the observed variation in the sizes and shapes of territories when applied to a field population, its assumptions have not previously been tested experimentally.
METHODS

Study site and species
Studies were conducted in a pasture near Tallahassee, Florida from June through August 1999-2001. For further description of this site, see Tschinkel et al. (1995) . S. invicta colonies at this location are all of the monogyne or single-queen form (Tschinkel, 1998) , in which workers attack members of other colonies, producing distinct territories (Adams, 1998) . Previous work at this study site has shown that territories abut one another along their entire perimeters and that competition among colonies restricts territory sizes and colony growth rates (Adams, 1998; Adams and Tschinkel, 2001; Tschinkel et al., 1995) .
Determination of colony and territory size
I estimated colony size from the volume of the nest mound, which increases with total ant biomass (r 2 5 .85-.90 for logtransformed data; Tschinkel, 1993; Tschinkel et al., 1995) . The limits of each colony's territory were determined by testing for aggression between ants from the nest and ants attracted to baits placed in lines radiating outward from the nest. If ants attracted to a bait fought with those from the nest, this indicated that the bait location was outside that colony's foraging territory. Once the approximate position of a boundary was identified, additional baits were placed to determine boundary positions along the entire perimeter to within 1 m. (For further details, see Adams, 1998; Tschinkel et al., 1995.) For measurements of area, each colony's territory was described by a polygon connecting the outermost baits visited by ants from that colony. To assure independence of replicates, I used only non-neighboring colonies, scattered across approximately 4 ha of pasture.
Experiment 1: Food supplements near the nest
The goal of experiment 1 was to test whether rich food sources offered near the nest cause changes in territory area. I divided 16 non-neighboring colonies into 8 pairs, matched according to approximate nest-mound volume and position within the study site. One colony from each pair was randomly selected to receive food supplements, and the other served as a control receiving no food supplements. Each colony's territory was mapped before food additions began, and several boundary positions on each territory were mapped roughly every 10 days throughout the study. At the end of a 35-day feeding period, all territories were completely remapped.
I selected the quantity of food offered to each colony to yield twice the average energy intake of an unmanipulated colony of the same size. This was intended to substantially alter the colony's energy budget while remaining within the limits of what the environment could potentially provide. To approximate natural food sources of S. invicta, adult field crickets (Acheta domestica), killed by freezing, were used as the principal source of food. I estimated the natural energetic intake of each colony using Tschinkel's (1993) regression of daily energy costs against worker biomass for the month of June. The number of crickets needed to provide twice this amount of energy was calculated using the caloric value of crickets reported by Macom and Porter (1995) .
Crickets do not supply all of the nutrients that colonies naturally consume (Tennant and Porter, 1991) . In the laboratory, colonies thrive on a diet of crickets plus sugars (Macom and Porter, 1995) . To provide a source of sugars, circular pieces of felt 6 cm in diameter were soaked in dilute corn syrup (1 part corn syrup : 3 parts water) and then placed in shallow plastic trays near the nest mound. I added additional dilute corn syrup daily and replaced the felt at least once per week. All food supplements were placed within 30 cm of the nest mound beneath a cardboard shade because exposure to full sun reduces fire ant foraging.
Experiment 2: Food supplements near the territory boundary
Experiment 2 tested whether territory size is adjusted in response to food supplements placed near the territory boundary. I tested whether colonies are more likely to retain or extend boundaries around the sites of daily food supplements than around similar sites lacking food supplements. I also tested whether ant activity increased in the vicinity of the feeding sites and whether there was any effect of food supplements on total territory area.
I mapped the territories of eight non-neighboring colonies. Two locations were chosen near the perimeter of each colony's territory, in roughly opposite directions from the nest mound. One was selected at random to serve as a feeding site, and the other served as an unmanipulated control site.
In experiment 1, crickets were only partially consumed after 10 days, suggesting satiation. Because the goal of experiment 2 was to maintain elevated levels of ant activity around the feeding site, satiation was undesirable, and therefore I reduced the number of crickets supplied to each colony to 20 per day. This feeding regime provided on average half as much energy per gram of ant biomass as the regime used in experiment 1. To elevate ant activity broadly along a segment of the territory boundary, the crickets were frozen, then chopped and dispersed across a region measuring 1.5 m 3 50 cm. This region was oriented parallel to the boundary, but shifted 30-40 cm toward the focal colony's nest mound so that the food supplements would not be discovered by neighboring colonies. To prolong the period over which ant activity might be elevated locally, crickets were provided twice per day: 15 crickets in the morning and another 5 in the evening. Careful observation of foraging trails determined whether the crickets were visited by ants from any neighboring colonies; if so, the crickets were removed and replaced at sites slightly closer to the focal colony's nest.
Food was provided at the feeding sites every day for 30-35 days. I mapped territories immediately before and after this period. Movements in the positions of the 1.5-m boundary segments beyond the feeding site and control site were measured in terms of the distance to the nest mound.
I measured ant activity near the feeding sites and control sites by determining the rate at which small food items were removed. At each site, 27 paper disks measuring 20 mm in diameter were arrayed in a hexagonal pattern with 20 cm spacing. At 0900 h, several persons assisted in placing one adult fruit fly, Drospophila melanogaster, killed by freezing, at the center of each disk. These flies are small enough and attractive enough to be removed by the first ant that finds them. An observer watched the disks continuously, recording the time at which each fruit fly was removed. The median time to removal (the time needed to remove 14 fruit flies) was used as a measure of the intensity of foraging. Two observers simultaneously measured rates of fly removal for the feeding site and control site of each colony to control for temporal changes in temperature and humidity. Ant activity was measured twice, immediately before food supplements began and again after 3 weeks of food supplements. The latter measurement was made in the morning, before food supplements were provided, thus revealing whether ant activity remained elevated due to food offered on the previous day.
To test whether the food supplements caused changes in total territory area, I compared the degree of change in territory size by the eight food-supplemented colonies to the degree of change for four additional control colonies that did not receive food supplements.
Experiment 3: Removal of foraging workers
Experiment 3 tested whether experimental removal of foraging workers causes reductions of territory size. I mapped territories of 20 non-neighboring colonies. These were divided into 10 pairs based on size and approximate position in the study area. One member of each pair was randomly selected to serve as an undisturbed control; the other was weakened by the removal of foragers. The intent was to remove workers until the density of ants attracted to peripheral baits declined by at least 30%. Foragers were baited by placing approximately 10 g of canned ham on a square piece of wood (10 cm 3 10 cm 3 4 mm). Twenty of these baits were distributed across the territory while the colonies were foraging actively in the morning. Equivalent amounts of food were scattered across the territories of the control colonies. Four to five times per morning, I transferred ants from the baits of experimental colonies into a container which was later frozen to kill the ants. To estimate the number of ants removed each day, I weighed the frozen ants and counted the number of ants in five 0.5-g samples. Baits were replaced as necessary, and baiting sites were changed from day to day. This process was repeated three times within 1 week, and, if the number of ants attracted to baits did not decline noticeably within several days, then foraging ants were removed an additional one to four times until the mean number of ants collected per bait dropped by at least 30% of the original value. Because this took varying amounts of time, territories were remapped 14-54 days after the original map. For all replicates, the control territory and the experimental territory were followed for the same length of time.
Statistical analysis
I used ANOVA when Lilliefors test and visual inspection of the data confirmed the assumption of normality. Data were logtransformed when this increased fit to normal distributions. All analyses were performed with Systat 7.0 for Windows (SPSS Inc., Chicago).
RESULTS
Experiment 1: Food supplements near the nest
Initial territory sizes ranged from 12 to 197 m 2 . Before food was offered, experimental and control colonies did not differ significantly in territory area (colonies chosen for food supplementation: mean 6 SE, 64 6 19 m 2 ; controls: 67 6 22 m 2 ; paired t test using log-transformed data, t 7 5 0.27; p 5 .79) or in nest-mound volume (food supplemented: 8.4 6 3.2 l; controls: 8.2 6 3.3 l; paired t test using log-transformed data, t 7 5 1.0; p 5 .34). Territory area was significantly correlated with the volume of the nest mound (both log-transformed; Pearson r 5 .64, n 5 16, p , .01).
Food-supplemented colonies were given 15-72 crickets per day, based on estimated colony biomass. The ants quickly established trails to the crickets, attracting hundreds of nest mates within 15 min. The crickets were completely consumed during the first 8-10 days of the experiment, save for parts of the exoskeleton, but were only partially consumed thereafter. In contrast, at the peak of morning activity, there were usually no ants visiting the diluted corn syrup, and recruitment trails to these food sources were never seen.
After 35 days, there was no significant effect of food addition on the degree of change in territory area (food supplemented: -9.5 6 7.7 m 2 ; controls: -9.4 6 10.4 m 2 ; paired t test, t 7 5 -0.01; p 5 .99). Periodic checks of boundary positions revealed that shifts were gradual; thus, there was no indication of expansions late in the experiment due to increased worker production by colonies given food supplements. Because territory changes appeared to be correlated with colony size, the data were also analyzed by ANCOVA, with original area as the covariate and treatment (food supplemented or control) as the grouping variable (Figure 1 ). This analysis showed that the amount of change in territory area was negatively associated with original area (F 1,13 5 19.2, p , .001) but was not significantly affected by food supplements (F 1,13 5 0.015, p 5 .91).
Experiment 2: Food supplements near the territory boundary
The smallest food-supplemented colony died before the end of the experiment and was dropped from the analysis. For the remaining colonies, food-supplemented and control colonies did not differ significantly in original territory area (food supplemented: 114 6 18 m 2 ; controls: 72 6 23 m 2 ; t test using log-transformed data, t 9 5 1.4; p 5 .19) or in the volume of the nest mound (food supplemented: 9.7 6 1.9 l; controls: 9.4 6 2.2 l; t test using log-transformed data, t 9 5 0.03; p 5 .98). The correlation between initial territory area and the volume of the nest mound was not significant at the 0.05 level (both log-transformed; Pearson r 5 .58, n 5 11, p 5 .063). Before Figure 1 The degree of change in territory size during experiment 1 (filled symbols and solid regression line) and experiment 2 (open symbols and dotted regression line) was negatively correlated with original territory area. Colonies given food supplements are indicated by circles; control colonies are indicated by squares.
the initiation of food additions, the median times of Drosophila bait removal did not differ significantly between feeding sites and control sites (feeding sites: 1200 6 390 s; control sites: 1020 6 380 s; paired t test using log-transformed data, t 6 5 0.74, p 5 .49).
Consumption of crickets was nearly complete and did not decline noticeably throughout the experiment. After 3 weeks of feeding, ant activity was measured again around control sites and around the feeding sites before offering that day's food. The median time to removal of the Drosophila baits was significantly lower at the feeding sites (520 6 140 s) than at the control sites (700 6 210 s; paired t test on log-transformed data; t 6 5 -2.8, p 5 .03), indicating increased ant activity in areas of greater food supply. Nonetheless, the degree to which the territory boundaries expanded beyond the feeding sites did not differ significantly from the degree of expansion around the control sites after 14 days (feeding sites: 20 6 18 cm; control sites: -15 6 17 cm; negative values indicate territory losses; Wilcoxon signed-ranks test; Z 5 1.18, n 5 7; p 5 .24) or after 35 days (feeding sites: 14 6 36 cm; control sites: -5.8 6 30.4 cm; Wilcoxon signed-ranks test; Z 5 0.73, n 5 7; p 5 .46.)
There was no significant difference between food-supplemented and control colonies in the degree of change in territory size (food supplemented: -16 6 12 m 2 , n 5 7; controls: -13 6 12 m 2 , n 5 4; t 9 5 -0.13, p 5 .90). ANCOVA showed significant effects of original territory area (F 1,8 5 22.0, p , .002; Figure 1) but not of the experimental treatment (F 1,8 5 3.2, p 5 .11) on the amount of change in territory area.
Experiment 3: Removal of foraging workers
Two colonies from which workers were removed died, including the smallest colony. These colonies and their paired controls were excluded from the analyses because the goal was to test whether intact colonies hold smaller territories when their worker population is reduced, rather than whether colony removal leads to expansion by neighbors.
Before worker removals, control and experimental colonies did not differ significantly in territory area (experimental: 105 6 24 m 2 ; controls: 113 6 25 m 2 ; paired t test using logtransformed data, t 7 5 -0.53, p 5 .61) or in nest-mound volume (experimental: 6.9 6 1.4 l; controls: 8.6 6 2.2 l; paired t test using log-transformed data; t 7 5 -0.33; p 5 .75). Original territory area was positively correlated with the volume of the nest mound (both log-transformed; Pearson r 5 .60, n 5 16, p , .02). Colonies from which workers were removed lost significantly more territory area than did controls (experimental: -46 6 11 m 2 ; control: 0.3 6 6.1 m 2 ; Wilcoxon signedranks test Z 5 2.38, p , .02).
On average, 68,000 (6 14,000) workers were removed from the experimental colonies. The number of workers removed was not significantly correlated with the amount of territory lost (r 5 -.13, n 5 8, p 5 .77). The number of ants removed from baiting sites declined from 1300 6 190 on the first day of the removals to 510 6 150 on the second day, indicating reduced ant activity in the foraging territory. Territories of three colonies began to shrink by the third day of worker removals. For five other colonies, the numbers attracted rebounded to . 1000 workers per bait, and territory area did not initially decline. Additional workers were removed from these colonies until the average number per bait dropped by at least 30%. Four of these five colonies then lost territory. For a single colony, the workers collected at baits were kept alive in the laboratory. The territory shrank when the workers were removed, but expanded after the workers were later returned to the colony (Figure 2 ).
DISCUSSION
These experiments show that territory size in S. invicta depends on worker number, and hence the colony's competitive ability; however, no effect of food availability on territory size was demonstrated. Removal of workers led to rapid loss of territory to neighbors when there was a sustained decrease in the density of foragers, as detected by the numbers of ants collected at baits. In addition, in this and previous studies, territory size was positively correlated with colony population size, estimated from the above-ground volume of the nest mound (Adams, 1998; Tschinkel et al., 1995) . In contrast, substantial food supplements had no detectable effect on territory size whether the food was offered next to the nest or more peripherally, near the territory boundary.
The power of the experiment to detect responses to food supply was as great as that for the experiment on worker number due to similar sample sizes and experiment durations. If the effects of centrally placed food supplements on territory size were as great as the effects of worker removal, then the statistical test used would have at least a 73% chance of detecting a result significant at the 0.05 level (Cohen, 1988) . Cohen (1988) suggests lowering the alpha level to increase statistical power in experiments with small sample sizes; however, because the p value for this experiment exceeded .99, even a drastically reduced alpha level would yield no evidence for an effect of food supply. Furthermore, the amount of food offered was large, being equal to twice the estimated intake of naturally occurring colonies in experiment 1, and about half that amount in experiment 2. Food was offered at only a single location per colony, a pattern that should make it especially likely for the colony to contract its territory. Nevertheless, no effects of food supplements on territory size were detected. This implies that the economic paradigm, which serves as the basis of many models of territory size (Adams, 2001 ), explains little of the variation in territory size observed in this population of S. invicta. In the Over 28 days with no disturbance, the territory area increased slightly to 121 m 2 . (c) Six days after 17,000 workers were removed (estimated by weighing), the territory shrank to 58 m 2 . (d) Seven days after the workers were returned, the territory area increased to 97 m 2 .
long run, increased food supply might cause territory size to increase due to the growth of the worker population, but short-term behavioral responses based on costs and benefits of food retrieval appear to be negligible. More than 40 experimental studies have examined the effects of food availability on territory size (see Adams, 2001 : Table 1 ). Although a majority of these studies (n 5 27) found significant effects of food supply on territory size in at least one statistical analysis, many others did not (n 5 14). No simple generalization explains which of these studies show a dependence of territory size on resource abundance, but several hypotheses related to the strength of competition have been proposed. First, when territories are surrounded by contiguous neighbors, it may be more difficult to expand a territory than to reduce it; therefore, residents may be favored to maintain inflexible territories that are large enough to provide sufficient resources in years of low food abundance (MacLean and Seastedt, 1979; Mares et al., 1982) . This hypothesis does not explain the lack of response by S. invicta because it was common for territories to shrink (Figure 1) . Second, food supplements may affect territory size not only by directly affecting the energy budget of the resident, but also by stimulating more intrusions by competitors (e.g., Dunk and Cooper, 1994; Myers et al., 1979) . Thus, the density of potential competitors and the degree to which they can detect the food supplements may determine whether territory sizes change. In the experiments reported here, food supplements were detectable only by the resident colony. A third possibility is that when territories are highly compressed due to interactions with neighbors, the sensitivity of territory size to food supply may be reduced, while sensitivity to relative fighting ability is enhanced. Adams (1998) showed how territory size and shape can be predicted based on the positions and relative fighting abilities of contiguous neighbors. This modeling approach assumes that territory boundaries form curves along which adjacent residents (solitary or social) apply pressure against one another. For S. invicta, most of the observed variation in territory size was accounted for by assuming that pressure exerted at points on the boundary is an increasing function of colony size, a decreasing function of distance to the nest, and a decreasing function of territory size. As predicted by this model, removal of workers caused declines in territory area. Yet it must be noted that substantial numbers of ants were removed to achieve this effect. Large changes in colony population do occur seasonally and across years (Adams and Tschinkel, 2001; Tschinkel, 1993) , but territory area may be buffered against small changes in worker density.
Behavioral observations suggest that the mechanism by which territory boundaries are maintained is due more to mutual avoidance by competitors than to lethal combat. Neighboring colonies of S. invicta do not engage in large battles, except when food items near the boundary are discovered simultaneously by two colonies. After removal of workers, ants from neighboring colonies began to lay trails to food items or baits located within the weakened colony's former territory. These new incursions were visibly obvious because the trails of ants moved relatively long distances over the turf, whereas older trails are relocated underground (Markin et al., 1975 ). It appears that ants from adjacent colonies continually seek to enter one another's territories and that reduced abundance of defenders allows entry by competitors, perhaps by altering which colony is the first to discover new food items.
During the experiments on the effects of food availability, territories of large colonies tended to shrink, while territories of most small colonies expanded (Figure 1 ). This can be attributed to seasonal changes in the number of workers within each colony. By censusing colonies across an annual cycle, Tschinkel (1993) inferred that the worker population of big colonies reaches a minimum during June and July because a large fraction of the colony's energy budget during the spring is devoted to the production of winged reproductives, which depart during mating flights. The seasonal decline in worker population is most pronounced for the largest colonies; indeed, the smallest colonies tend to increase their worker population throughout the spring and summer (Tschinkel, 1993) . Contraction of the largest territories during the summer creates opportunities for young colonies to expand their foraging areas while they are at a vulnerable size (Adams and Tschinkel, 2001) . Like seedlings beneath a closed canopy, young colonies may need to wait for growth opportunities to arise due to the reduction or death of larger competitors; thus, territory size fluctuations may be critical for the establishment of new colonies.
